Background. Interleukin 12Rβ1 (IL-12Rβ1)-deficient patients are prone to clinical disease caused by mycobacteria, Salmonella, and other intramacrophagic pathogens, probably because of impaired interleukin 12-dependent interferon γ production. About 25% of patients also display mucocutaneous candidiasis, probably owing to impaired interleukin 23-dependent interleukin 17 immunity. The clinical features and outcome of candidiasis in these patients have not been described before, to our knowledge. We report here the clinical signs of candidiasis in 35 patients with IL-12Rβ1 deficiency.
Background. Interleukin 12Rβ1 (IL-12Rβ1)-deficient patients are prone to clinical disease caused by mycobacteria, Salmonella, and other intramacrophagic pathogens, probably because of impaired interleukin 12-dependent interferon γ production. About 25% of patients also display mucocutaneous candidiasis, probably owing to impaired interleukin 23-dependent interleukin 17 immunity. The clinical features and outcome of candidiasis in these patients have not been described before, to our knowledge. We report here the clinical signs of candidiasis in 35 patients with IL-12Rβ1 deficiency.
Results. Most (n = 71) of the 76 episodes of candidiasis were mucocutaneous. Isolated oropharyngeal candidiasis (OPC) was the most common presentation (59 episodes, 34 patients) and was recurrent or persistent in 26 patients. Esophageal candidiasis (n = 7) was associated with proven OPC in 2 episodes, and cutaneous candidiasis (n = 2) with OPC in 1 patient, whereas isolated vulvovaginal candidiasis (VVC; n = 3) was not. Five episodes of proven invasive candidiasis were documented in 4 patients; 1 of these episodes was community acquired in the absence of any other comorbid condition. The first episode of candidiasis occurred earlier in life (median age±standard deviation, 1.5 ± 7.87 years) than infections with environmental mycobacteria (4.29 ± 11.9 years), Mycobacterium tuberculosis (4 ± 3.12 years), or Salmonella species (4.58 ± 4.17 years) or other rare infections (3 ± 11.67 years). Candidiasis was the first documented infection in 19 of the 35 patients, despite the vaccination of 10 of these 19 patients with live bacille Calmette-Guérin.
Conclusions. Patients who are deficient in IL-12Rβ1 may have candidiasis, usually mucocutaneous, which is frequently recurrent or persistent. Candidiasis may be the first clinical manifestation in these patients.
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Mendelian susceptibility to mycobacterial diseases (MSMD) is characterized by a selective predisposition to clinical disease caused by mycobacteria and Salmonella [1] . Nine diseasecausing genes have been described, including 3 genes controlling the response to interferon (IFN) γ (IFNGR1, IFNGR2, STAT1), 4 involved in IFN-γ production (IL12B, IL12RB1, NEMO, ISG15) [1, 2] , 1 involved in the IFN-γ-dependent induction of interleukin 12 (IL-12; IRF8) [3] , and another gene controlling the macrophage respiratory burst, which can be triggered by IFN-γ (CYBB) [4] .
Interleukin 12Rβ1 (IL-12Rβ1) deficiency is the most common genetic cause of MSMD [5, 6] , with 156 patients reported to date (Supplementary Table 1 ). IL12RB1 encodes the first chain of the IL-12 (IL-12Rβ1) and interleukin 23 (IL-23) receptors. Interleukin 12 is an important cytokine for the development of IFN-γ-producing T cells and for IFN-γ production [7] . Conversely, IL-23 is important for the expansion and maintenance of the interleukin 17 (IL-17)-producing T-cell population [8, 9] . Interleukin 12Rβ1 deficiency is the genetic cause of MSMD for which the most infections other than mycobacteriosis has been reported [1] . Salmonellosis is very common, as in IL12p40 deficiency, but much more so than in other genetic etiologies of MSMD [1, 10, 11] . However, other infections due to intramacrophagic pathogens have also been reported (Supplementary Table 1 ) [1, 6] . The impairment of IL-23 immunity, alone or together with IL-12 immunity, may contribute to this relatively broad infectious phenotype [1, 9] .
We recently noted that about 25% of IL-12Rβ1-deficient patients also have mild forms of chronic mucocutaneous candidiasis (CMC) [6] . This is consistent with the role of IL-23 in the maintenance of IL-17-producing T cells and the low proportions of IL-17 T cells in the patients with IL-12Rβ1 deficiency studied [9] . Indeed, patients with disorders associated with impaired IL-17-mediated immunity have CMC, including patients with autoimmune polyendocrinopathy syndrome type I (APS-I), autosomal dominant (AD) hyper-immunoglobulin E syndrome (AD-HIES) due to dominant-negative mutations of STAT3, or more rarely those with caspase recruitment domaincontaining protein 9 (CARD9) deficiency [12] [13] [14] [15] [16] [17] . Isolated CMC, also known as CMC disease (CMCD), has been shown to result from AD IL-17F deficiency, autosomal recessive deficiency of IL-17RA (the receptor for both IL-17A and IL-17F), from NF-κB activator 1 (ACT1) deficiency, or from an AD gain of STAT1 activity [18] [19] [20] [21] [22] . Surprisingly, the clinical features of candidiasis have never been studied in series of patients with these inborn errors of immunity. We report here the clinical features of candidiasis in 35 patients with IL-12Rβ1 deficiency.
PATIENTS AND METHODS

Patients
Candidiasis was reported in 32 (25%) of the 128 IL-12Rβ1-deficient patients previously reported (of a total of 141) for whom information about Candida infections was available [6] . Candidiasis was also documented in 2 recently reported IL-12Rβ1-deficient patients [23, 24] and in 9 of 21 with recent diagnoses who were not previously reported. A questionnaire was sent to physicians caring for the 34 previously reported IL-12Rβ1-deficient patients with candidiasis [6, 23, 24] and the 9 with recent diagnoses who were previously unreported. Detailed information about candidiasis was obtained for 35 patients ( Figure 1) .
The questionnaire included items relating to demographic data, IL12RB1 mutations, and infectious diseases. For candidiasis, we recorded the date and patient age at the time of the episode, the Candida species identified, sites involved, whether the episode was community-acquired or hospital-acquired candidiasis, clinical signs and duration before treatment, use of antibiotics during or before candidiasis, use of immunosuppresants, polymorphonuclear granulocyte counts, the presence of comorbid conditions and age at onset of these conditions, clinical features for each episode, antifungal treatment and duration, and time to clinical remission. Informed consent was obtained from each patient or the patient's family. The protocol was approved by the local ethics committees of the various institutions involved.
The diagnosis of esophageal candidiasis was based on the demonstration of candidiasis by biopsy culture and/or esophagoscopy. The diagnosis of invasive candidiasis was based on the cultivation of Candida from normally sterile clinical fluids or biopsy specimens. We considered that an episode of candidiasis was a relapse of a previous infection when the infection reappeared at the same site <1 month after treatment withdrawal. Patients were considered to have recurrent candidiasis if they had had ≥3 Candida infections and the second episode or subsequent episodes occurred ≥1 month after withdrawal of treatment for a previous episode. Recurrent VVC was defined as ≥4 episodes of VVC in 1 year. Persistent candidiasis was defined as the presence of repeated episodes of candidiasis despite treatment resulting in rarely observed candidiasis-free periods. For statistical purposes, patients with persistent or recurrent candidiasis were analyzed together.
Statistical Analysis
Quantitative variables are presented as arithmetic means ± standard deviations, except for the age at onset of infectious diseases, given as medians ± standard deviations. Frequency distributions were compared using χ 2 tests or Fisher exact tests, as necessary, and odds ratios with 95% confidence intervals were calculated. Statistical analyses were performed using the LIFETEST and PHREG procedures of SAS software version 9.2 (SAS, Cary, NC, USA).
RESULTS
We studied 35 IL-12Rβ1-deficient patients who had candidiasis. The clinical and genetic features of the patients are summarized in Table 1 . There were 76 documented episodes of candidiasis, and the epidemiological characteristics of the episodes are shown in Table 2 . Most episodes (n = 53) corresponded to documented infections in patients with recurrent or persistent candidiasis, and 23 episodes corresponded to documented infections that did not recur. Candida infections were documented at various anatomic sites ( Figure 2 ). Most episodes (n = 59; 78%) involved only the oropharyngeal cavity, but esophageal (n = 7), cutaneous (n = 2), and vulvovaginal (n = 3) sites were also affected. However, 5 episodes of proven disseminated candidiasis were also recorded.
Oropharyngeal Candidiasis
Oropharyngeal candidiasis (OPC) was the predominant manifestation (34 of 35 patients), and no risk factors were identified for 23 of the 62 episodes (59 episodes of isolated OPC and 3 episodes of OPC associated with esophageal [n = 2], or cutaneous [n = 1] candidiasis). The risk factors for the remaining 39 episodes included antibiotic treatment in all cases and the use of immunosuppressive drugs in 6 cases. Twenty-six patients had recurrent or persistent OPC despite oral or intravenous antifungal treatment (Supplementary Figure 1) . Six patients have had OPC since birth and continuing after the age of 6 months. A combination of stomatitis, aphtous ulcers, and oral thrush Figure 1 . Selection process for interleukin (IL)-12Rβ1-deficient patients with or without candidiasis and questionnaires with complete clinical information received. The occurrence of candidiasis was included in a complete questionnaire sent to the physicians caring for the 141 patients previously reported [6] ; no data about the occurrence of candidiasis were available in 13 of these patients. Candidiasis was also documented in 2 patients reported in 2011 and 2012 [23, 24] ; specific questionnaires about candidiasis were sent to the physicians caring for these 2 patients. For 21 previously unreported patients, before questionnaires were sent, physicians caring for the patients were consulted about the presence of candidiasis. Questionnaires were sent only for the 9 patients with documented candidiasis, for whom 8 questionnaires with complete clinical information were received. was noted in 2 patients. Secondary prophylaxis with fluconazole or itraconazole (in 2 patients each) controlled OPC, although candidiasis recurred in both patients when prophylaxis was withdrawn. However, 2 patients continued to have candidiasis in spite of prophylaxis with fluconazole (both patients) or itraconazole (1 patient); 1 of these patients ( patient 25), continued to have OPC after intravenous amphotericin B followed by intravenous caspofungin, even though Candida isolates were sensitive to fluconazole, itraconazole, and amphotericin B.
Cutaneous Candidiasis
Cutaneous candidiasis was observed in 2 patients. Despite repeated treatments with oral fluconazole, griseofulvin, and itraconazole, patient 10 had recurrent skin and scalp infections with Trichophyton rubrum and Candida albicans in the absence of known risk factors. Patient 25 had a dermal lesion caused by Candida spp. on the left shoulder and neck during antibiotic treatment. The infection resolved after 2 weeks of treatment with intravenous amphotericin B.
Vulvovaginal Candidiasis
Vulvovaginal candidiasis due to C. albicans was recorded in 3 episodes in 3 patients ( patient 9, age 26 years; patient 21, age 4 years; and patient 32, age 5 years). Two of these patients ( patients 9 and 21) were receiving antibiotic treatment, and 1 patient was receiving immunosuppressive treatment. Coinfection with Candida glabrata was observed in 1 episode (in patient 21). All 3 episodes resolved following local antifungal treatment. No recurrent VVC was recorded.
Esophageal Candidiasis
Five patients (7 episodes) had esophageal candidiasis (Supplementary Figure 2 ), which manifested as decreased appetite, weight loss, and/or odynophagia. One case of communityacquired C. albicans superinfection of a well-differentiated squamous cell carcinoma of the esophagus (SCEC) was observed, in patient 2. This patient was receiving irregular prophylaxis with ciprofloxacin [25] . to treatment with oral fluconazole, but no response to oral fluconazole was observed twice in patient 34. Secondary prophylaxis with oral fluconazole ( patient 27) or oral itraconazole ( patient 31) controlled esophageal candidiasis in 2 patients, although prophylaxis with oral fluconazole was ineffective in patient 28.
Systemic and Deep-Seated Candida Infections
Five episodes of documented invasive or disseminated candidiasis were recorded in 4 patients (Table 3 and Supplementary Material 2). Two patients ( patients 9 and 12) had catheterrelated candidemia with sepsis, caused by C. albicans. One of them ( patient 9) developed an invasive infection of the ileus by C. albicans following laparotomy 1 month after an episode of candidemia. Despite antifungal treatment, 2 ileum biopsy specimen cultures were positive for C. albicans 9 months later. One patient had community-acquired disseminated candidiasis; patient 3 had acute pulmonary edema and endocarditis caused by Candida spp. Patient 20 had a systemic response, neurological symptoms, aplasia, and paralysis due to a C. albicans infection that was confirmed by cultures of urine and cerebrospinal fluid. However, the clinical course of the invasive candidiasis in patient 20 did not allow us to exclude the possibility that this episode was hospital acquired. Three of these patients ( patients 3, 9, and 20) had had oral candidiasis since childhood. No other comorbid condition was identified in patient 3, and possible risk factors documented in patient 20 included intravenous antimycobacterial and antifungal treatment and surgical debridement of a dorsolumbar abscess.
Onset of Candidiasis
In the 35 patients with candidiasis, the first episode of candidiasis occurred earlier in life (1.5 ± 7.87 years; range, birth to 43 years) than reported for classic MSMD-defining infections, such as those caused by environmental mycobacteria (4.29 ± 11.9 years; range, 9 months to 43 years), Mycobacterium tuberculosis (4 ± 3.12 years; range, 9 months to 7 years), or Salmonella species (4.58 ± 4.17 years; range, 11 months to 16 years) or other infections (3 ± 11.67 years; range, 4 months to 43.5 years). By contrast, BCG vaccination induced disease at even younger ages (0.5 ± 0.57 years; range, 3 months to 2 years) than Candida or other infections. Nevertheless, Candida was the first documented infection in 19 of the 35 patients, despite the vaccination of 10 of these 19 patients with BCG vaccine, suggesting that >10% of patients with IL-12Rβ1 deficiency may first present with Candida infections.
Mortality
The mortality rate in our 35 patients with candidiasis (49%) was higher than that previously reported for 132 symptomatic IL-12Rβ1-deficient patients (31.8%) [6] . We did not have upto-date data for many of the previously reported patients, particularly those without candidiasis. However, we analyzed mortality for the previously reported 128 symptomatic IL-12Rβ1-deficient patients (of the 141 patients described elsewhere) for whom information about Candida infection was available ( (Figure 3 ) showed survival to be significantly lower for patients with candidiasis (P = .0001 by log-rank test) than for those without Candida infection.
DISCUSSION
We recently noted that about 25% of IL-12Rβ1-deficient patients have chronic CMC [6] . Oropharyngeal candidiasis, skin infections, and/or onychomycosis due to C. albicans were the most common forms of mucocutaneous candidiasis in patients with AD-HIES (43%-56% of patients) [26, 27] , APS-I (all patients by age 40 years and 30% in the first 2 years of life) [28, 29] , or CMCD due to mutations of IL17F, IL17RA or ACT1 or gain-of-function mutations of STAT1 [18] [19] [20] [21] [22] . Oropharyngeal C. albicans infection was by far the most common presentation of Candida infection in our series of patients and was present in 6 patients at birth. Other forms of mucocutaneous candidiasis were rare in our patients. Only 3 episodes of VVC were recorded in the 9 female patients in our series. Vulvovaginal candidiasis, even if recurrent, is also common in healthy women with no known risk factors [30, 31] . In the absence of large epidemiological studies, it is probably not possible to associate the occurrence of VVC with impairments of immunity mediated by the IL-23/IL-17/interleukin 22 axis. Likewise, only 2 episodes of dermal infection were documented, and no onychomycosis was observed.
Other patients with MSMD due to mutations impairing IFN-γ-mediated responses (IFNGR1, IFNGR2, or STAT1 deficiencies due to loss-of-function alleles) do not seem to be prone to Candida infections, even when treated with prolonged courses of antibiotics or long-term prophylaxis [32, 33] . Overall, our data indicate a potentially causal role of IL-23/IL-17 circuit impairment, but not of IL-12/IFN-γ circuit impairment, in susceptibility to mucocutaneous candidiasis in patients with IL-12Rβ1 deficiency. The absence of onychomycosis in our patients and their lower incidence of oral and skin infections than in patients with other primary immunodeficiencies (PIDs) resulting in impaired IL-17 immunity may reflect a milder impairment of IL-17-mediated responses in patients with IL-12Rβ1 deficiency than in those with AD-HIES, APS-I, or CMCD [9, [18] [19] [20] [21] [22] .
Esophageal candidiasis was observed in 5 patients (7 episodes) in our series. Patient 2 had esophageal candidiasis at age 25 years, coinciding with the diagnosis of SCEC, in the absence of overt predisposing factors [25] . Esophageal candidiasis is relatively common in patients with APS-I (14 of 91 Finnish patients with APS-I), but it is unusual in patients with AD-HIES [26] [27] [28] [29] 34] . It has been suggested that there is an association between CMC and predisposition to oral and esophageal carcinomas [35] . We cannot formally exclude the possibility that candidiasis was an SCEC-predisposing factor in our patient, but the 2 conditions, candidiasis and SCEC, were diagnosed simultaneously. The IL-12/IFN-γ axis has a dramatic antitumor effect, and IL-17-producing T cells have been reported to have both anti-and protumorigenic effects [36] . Other patients with MSMD have also had cancer at young ages [25] .
Most IL-12Rβ1-deficient patients continued to have recurrent or persistent OPC despite treatment with oral nystatin or fluconazole. Remarkably, fluconazole prophylaxis did not control candidiasis in 2 of 4 patients with OPC and in 1 of 2 patients with esophageal candidiasis; itraconazole prophylaxis did not eradicate candidiasis in 1 of 4 patients, but it controlled the infection in 1 patient with esophageal candidiasis. Poor e Mortality was 23% for the 13 of the 141 patients described elsewhere [6] , for whom no information about Candida infection was available. responses to treatment with azoles were found to be unrelated to resistances to these antifungals in 2 patients with OPC treated with oral fluconazole or intravenous fluconazole. Likewise, itraconazole and fluconazole prophylaxis did not control esophageal candidiasis by a C. albicans strain sensitive to both drugs. No antifungal prophylaxis was documented in patients without candidiasis. (For a proposal of antifungal treatment in IL-12Rβ1-deficient patients with candidiasis see Supplementary Material 3 [37] .) Remarkably, disseminated candidiasis was observed in 4 of our 35 patients, with a total of 5 episodes. Three of these 5 episodes were nosocomial, and the clinical course of the invasive candidiasis in patient 20 does not exclude the possibility that it was hospital acquired. However, 1 patient had disseminated community-acquired candidiasis in the absence of predisposing factors other than the PID. Disseminated candidiasis is extremely rare in patients with APS-I, AD-HIES, or CMCD and is thought to be nosocomial [26-29, 34, 38] . Likewise, patients with isolated inborn errors of IL-17 or IFN-γ immunity do not seem to display invasive candidiasis, even though the latter also have severe mycobacterial and salmonella infections and often require similar in-hospital procedures [32, 33] . By contrast, invasive and fatal Candida infections, such as meningeal candidiasis, are observed in patients with CARD9 deficiency, the only known PID conferring a predisposition to invasive candidiasis . However, CARD9 deficiency may impair several immune responses to Candida and other fungi through mechanisms other than the impaired IL-17-mediated immunity [16, 17] .
We acknowledge several limitations to our study. First, no data were available on the occurrence of candidiasis in 13 previously reported patients [6] . In addition, we cannot exclude the possibility that some episodes, particularly of OPC, were treated by primary care physicians and that they were not reported to the physicians providing care at tertiary hospitals. Second, 16 of the 35 patients studied were from a single country (Turkey), which could bias our data. However, the remaining 19 patients were from 13 countries in Europe, Africa, North and South America, and the Middle East. Third, it is difficult to know whether some episodes of candidiasis were only consequence of the PID or could have been secondary to other factors, such as hospital exposure, particularly in patients with invasive candidiasis who underwent surgery or in those with central lines. Fourth, our data suggest that IL-12Rβ1-deficient patient with candidiasis may have a poorer prognosis than those without candidiasis. However, there is not enough information to ascertain whether the groups of patients with or without candidiasis were comparable in terms of severity, exposure to healthcare, or other comorbid conditions; therefore, a causal relationship cannot be established.
Immune responses to Candida are anatomically compartmentalized, and the roles of the IL-12/IFN-γ and IL-23/IL-17 circuits in predisposition to invasive candidiasis remain unclear [21, 30, 31, 39, 40] . In a mouse model of oral infection, the IL-12/IFN-γ circuit was found to be more relevant than the IL-23/ IL-17 axis for limiting the invasiveness of the fungus beyond the oral cavity [30, 31] . Thus, the pathogenesis of invasive candidiasis may involve the combined impairment of IL-17 and IFN-γ immunity, as in IL-12Rβ1-deficient patients. However, candidemia is the fourth most common cause of nosocomial bloodstream infections in much of the developed world [37] . Further data are needed to draw firm conclusions about susceptibility to invasive candidiasis in IL-12Rβ1-deficient patients. Finally, our data expand the known infectious phenotype of IL-12Rβ1 deficiency and indicate that candidiasis may be the first clinical manifestation in IL-12Rβ1-deficient patients.
Notes
